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The ability to probe energy flow in molecules, following the absorption of ultraviolet light, is crucial to
unraveling photophysical phenomena. Here we excite a coherent superposition of vibrational states in the
first excited electronic state (S1) in catechol, resulting in a vibrational wave packet. The observed quantum
beats, assigned to superpositions of the low-frequency, and strongly mixed, O–H torsional mode τ2,
elegantly demonstrate how changes in geometry upon photoionization from the S1 state to the ground state
of the cation (D0) enables one to probe energy flow at the very early stages of photoexcitation in this
biological chromophore.
DOI: 10.1103/PhysRevLett.114.233001 PACS numbers: 33.15.-e
There has been concerted effort in recent years to
characterize the excited state dynamics, following ultra-
violet (UV) excitation, of several heteroatom-containing
aromatic species, including phenols, pyrroles, azoles, and
indoles (see, for example, Refs. [1–4]). These species are
ubiquitous in nature, being key chromophores in a multi-
tude of biological molecules [4–7]. By studying isolated
chromophores in the absence of external perturbations (e.g.,
solvent, pH, and temperature effects), the so-called “bottom-
up” approach, one can garner insight into the intrinsic
properties of these chromophores and how these properties
are carried through to larger biological molecules [4,8–12].
In this Letter, we apply such a bottom-up approach in
the study of the excited state dynamics of catechol (1,2-
dihydroxybenzene), the structure of which is shown in
Fig. 1(a). The catechol subunit is incorporated in a number
of biologically relevant species such as eumelanin [5,13,14],
the brown pigment copolymer found in human skin, which
serves as a front line defense to UV radiation exposure. It
was revealed in previous investigations [15–17] that, follow-
ing photoexcitation from the ground electronic state (S0) to
the origin of the first excited state (S1, v ¼ 0; 1ππ←1ππ
transition), catechol undergoes O–H bond fission mediated
via a tunneling mechanism. This occurs beneath an S1=S2
conical intersection, where the S2 state is a 1πσ state that is
dissociative along the O–H coordinate. Importantly, with
respect to this present study, our group showed that O–H
fission occurred on a picosecond (ps) time scale [15], orders
of magnitude faster than that seen for other dihydroxyben-
zenes [17–19]. The object of the present work is to study, in
detail, the vibrational motions that occur prior to, and during,
the tunneling process.
In order to probe these atomic motions in real time, we
utilize the difference in geometry between the excited
electronic state (S1) and the ground cationic state (D0)
as an effective Franck-Condon (FC) detection window.
Following UV irradiation, a coherent superposition of
low-lying FC-active vibrational motions is created in S1,
resulting in the formation of a localized vibrational wave
packet. The temporal evolution of the prepared super-
position can then be probed by virtue of the nonplanar →
planar (S1min → catecholþ) geometry change upon photo-
ionization [Fig. 1(b)]. The evolution of the prepared wave
packet allows us to gain important insight into the nuclear
motions responsible for energy flow on S1 at the very early
stages of photodissociation in catechol. We utilize a combi-
nation of time-resolved ion-yield (TR-IY) and time-resolved
velocity map ion imaging to directly probe, for the first time,
these nuclear motions, with complementary theoretical
calculations to illuminate the observed dynamics.
The experimental procedure has been described in detail
elsewhere [29,30] and thus is only briefly summarized here.
Catechol is first seeded into helium (∼2 bar) and expanded
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FIG. 1 (color online). (a) Calculated structure of catechol in the
S0 state accompanied by the vapor phase UV-vis absorption
spectrum for catechol (red line). The highlighted region indicates
the excitation region for the current study. (b) Schematic repre-
sentation of the pump-probe process showing the associated
nuclear geometries calculated by using the CAM-B3LYP func-
tional with an aug-cc-pVDZ basis set (see Supplemental Material
for further details [20]).
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into vacuum (∼10−7 mbar) by using an Even-Lavie pulsed
valve [31]. Following excitation of catechol using a broad-
band (∼500 cm−1) femtosecond (fs) pump pulse (hνpu), a
coherent superposition of low-frequency FC-active modes
is prepared on the S1 state, creating a vibrational wave
packet. The excited wave packet is allowed to evolve over
time and is then projected (photoionized) onto the D0 state
by using a second, time-delayed (Δt) fs probe pulse (hνpr).
The resulting catecholþ ion signal is recorded as a function
of pump-probe delay by using a microchannel plate
detector coupled to an oscilloscope. The pump pulse is
centered around the strongly absorbing S1 origin band
[Fig. 1(a)], while the probe pulse is selected such that the
total energy Etot is sufficient to photoionize just above the
adiabatic ionization potential (IPad), which in catechol lies
at 8.17 eV [32].
To garner further insight into the excited state dynamics,
we have also performed complementary calculations using
the GAUSSIAN 09 [24] and MOLPRO 2012.1 [25] computa-
tional packages in order to generate optimized ground,
excited, and ionic state geometries and potential energy cuts
(PECs) along the O–H coordinate for the ground and excited
states. All geometries for catechol were calculated by using
GAUSSIAN 09 with the CAM-B3LYP [26] level of theory and
an aug-cc-pVDZ basis set. The S1 state was also calculated
with the M052X [27] and multiconfigurational complete
active space self-consistent field (CASSCF) [28] levels of
theory [20]. Using the ground state geometry, unrelaxed
(rigid body) PECs along the O–H stretch were then
calculated in MOLPRO 2012.1, by using a combination of
the CASSCF method and its second-order perturbation
theory extension (CASPT2) using a (12,10) active
space [33].
Figure 2 shows a typical TR-IY transient (open circles)
recorded following excitation of catechol with 280.5 nm and
probing with 328 nm, such that Etot is only 0.03 eV above
the IPad. The overall shape of the transient is as previously
reported following excitation at 280.5 nm and probing with
243 nm; a very fast rise aroundΔt ¼ 0, the point of temporal
overlap between pump and probe beams, which ultimately
decays over a period of several ps [15]. However, unlike the
previously recorded transient, in whichEtot far exceeded IPad
(by 1.35 eV), immediately apparent now is a superimposed
oscillation that appears in the transient. The observed
quantum beat pattern is attributed, as noted above, to the
variation in the ionization cross section as the excited state
wave packet evolves on the S1 surface.
By taking the fast Fourier transform (FFT) of the transient
data, one can extract the frequencies of any oscillatory
components in a given TR-IY transient. In all cases, zero
padding of the TR-IY data was used to ensure an appropriate
number of data points without artificially reducing the
frequency resolution. The FFT for the transient (Fig. 2) is
shown in the inset in the same figure and yields two
frequencies with associated energies centered at 113 and
141 cm−1 (and with associated periodicities of 295 and
237 fs, respectively). Comparison of these frequencies with
frequency-resolved spectra of the catechol S1 state provides
insight into which eigenstates are prepared within the
superposition. The observed frequencies are in excellent
accord with the band separations in the vibrational pro-
gression of the low-lying O–H torsional mode (τ2), primarily
of the free [i.e., nonintramolecular hydrogen bonded,
Fig. 1(a)] O–H moiety. Specifically, these frequencies
correspond to wave number separations between (i) the
S1 origin and one quantum of excitation in τ2 (S1, v ¼ 0, and
τ 1þ2 0 , respectively, ΔE ¼ 115 cm−1) and (ii) one and two
quanta of excitation in τ2 (τ
1þ
2 0 and τ
2þ
2 0 , respectively,
ΔE ¼ 141 cm−1) [16]. Indeed, closer inspection of the FFT
also reveals an additional feature, albeit muchweaker, with an
associated energy around 250 cm−1. This frequency corre-
sponds to the wave number separation between the S1 origin
andτ 2þ2 0 (ΔE ¼ 256 cm−1).Thebroadnessof thispeak,and
to a lesser extent the peaks at 113 and 141 cm−1, reflects the
limited timewindow over which these beats can be observed,
due to the fast overall decay of the S1 state.
We are able to model the TR-IY transient by using a
decay function convoluted with our instrument response
function, which serves to model the overall rise (following
the excitation pulse) and decay in the transient, in combi-
nation with two cosine functions to model the quantum
beats. The cosine functions are themselves superimposed
with an exponential decay which serves to dampen the
quantum beats (vide infra and [20]). The blue line in Fig. 2
gives the resultant overall fit to the measured transient [34].
The frequencies obtained from the fit align extremely well
with those extracted via the FFT, giving values of 113 and
140 cm−1 (periodicities of 295 and 239 fs, respectively),
adding weight to our assignment of these beats to the
progression in the free O–H torsional motion.
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FIG. 2 (color online). TR-IY transient collected from catechol
following UV excitation at 280.5 nm and subsequent photoioni-
zation (probing) using 328 nm. A 50 fs step size was used (as
indeed elsewhere) to resolve the oscillations. The solid blue line
indicates the fit as described in the main text and Ref. [20]. Inset:
The FFT of the transient.
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We now consider the origins of these quantum beats,
assisted by the schematic shown in Fig. 3(a). Following
photoexcitation from the planar S0 ground state, a coherent
superposition of one and two quanta in the O–H torsional
mode creates a vibrational wave packet in the nonplanar
excited S1 state. The final D0 state of catecholþ is planar,
and thus the nuclear configuration is once again different,
this time between the S1 (nonplanar) andD0 (planar) states.
As such, there is a varying ionization cross section along
the torsional coordinate (ϕ), which we highlight by the
green and red arrows [35]. The localized vibrational wave
packet oscillates along ϕ; however, it can be probed only at
or around ϕ ¼ 0, as the probe photon energy is greater than
IPad; at nonplanar geometries, the probe photon energy is
insufficient to overcome IPad.
It is possible to attribute the apparent damping in the
quantum beats in Fig. 2 to the S1 decay or, as previously
observed in similar systems, guaiacol and syringol [35],
to intramolecular vibrational energy redistribution (IVR), or
both. With reference to the frequency-resolved measure-
ments [16,38], within our excitation pulse, the only FC
active vibrational modes present are from the short pro-
gression in τ2, with only a limited set of these modes within
the spectral bandwidth of our excitation pulse (∼500 cm−1).
This means that any IVR, at first sight, is not possible around
the S1 origin. Calculations, however, suggest a small number
of heavily mixed vibrational modes (reminiscent of those
seen in guaiacol, which also has a nonplanar S1 state
minimum and undergoes Duschinsky mixing [39]), includ-
ing τ2, that may fall within our excitation window [15,38].
This implies that IVR, while highly restricted, cannot be
entirely ruled out.
To explore this further, Fig. 3(b) (blue trace) shows the fit
to the transient shown in Fig. 2. If we now scale the overall
fit function with respect to the S1 decay [Fig. 3(b), red line],
this yields the trace shown in Fig. 3(c), comprised solely of
the sinusoidal quantum beats, clearly emphasising the
persistence of the oscillations for the duration of the excited
state lifetime. We can therefore attribute the apparent
damping of the quantum beats simply through the fact
that the overall S1 population decays almost completely
within our 10 ps window. The amplitude of the quantum
beat oscillations therefore decreases proportionally to the
population of S1. Predictably, this suggests that there is no
IVR, from our excited state population, taking place
following photoexcitation to the S1 state (vide infra). We
note that the S1 decay in these, and our previous measure-
ments around the S1 origin (∼8.5 ps) [15], accords rea-
sonably well with the excited state lifetimes measured by
Weiler et al. [38] following photoexcitation at the S1 origin
(7 ps), τ 1þ2 0 (11 ps), and τ
2þ
2 0 (10 ps). However, we also
note that our broadband pulse excites a superposition of
these states at (and around) the S1 origin, meaning that our
measured S1 lifetime is very likely an overall “average”
lifetime of these states.
By tuning the excitation pulse wavelength, we are able
to manipulate the contribution of one component beat over
the other in our coherent superposition. By increasing the
excitation wavelength to 281.5 nm and probing with
326.6 nm (the total photon energy is once again 8.2 eV,
0.03 eV above IPad), the spectral bandwidth of our
excitation pulse no longer encompasses τ 2þ2 0 but only
τ 1þ2 0 and the S1 origin. This is manifested as a single
quantum beat in the measured transient and is shown in
Fig. 4(a) with the inset showing the FFT, which almost
exclusively yields a single frequency with an associated
energy of 116 cm−1 (i.e., the energy difference between S1,
v ¼ 0, and τ 1þ2 0 , respectively). The solid line is once
again a fit to the measured transient, although in this case
only a single cosine function was required to model the
single quantum beat, damped, once again, by the overall
decay in S1.
Previous work byKing et al. [16] on the photodissociation
dynamics of catechol has suggested that the initial torsional
excitation can be efficiently redistributed into ring puckering
and likely in-plane ring stretching vibrations as the H atom
of the free O–H tunnels beneath the S1=S2 conical inter-
section, en route to O–H dissociation. This is evidenced
through population of these modes in the catechoxyl radical
cofragment. The quantum beats observed here allow us to
directly infer the extent of population transfer from the O–H
torsional motion into any additional modes prior to tunnel-
ing. The lack of IVR evidenced in these quantum beats leads
us to conclude that the considerable degree of mode mixing
already present within the S1 manifold [15,36,38] likely also
translates into vibrational motion in the catechoxyl radical.
We might anticipate, given the remarkably strong coher-
ence of the initially prepared superposition in catechol,
to observe a reflection of this periodicity in any dissociated
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FIG. 3 (color online). (a) Schematic depiction of the excitation
mechanism adapted from Refs. [36] and [37]. (b) The fit function
from Fig. 2 (blue line) and the same fit but with the oscillatory
components removed from the fit (i.e., the S1 lifetime; red line).
(c) The resulting trace following scaling of the fit from (b); further
details in the main text and Ref. [20].
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H atoms. A representative Hþ transient obtained by using
time-resolved velocity map ion imaging is shown in
Fig. 4(b). It is clear that, within the signal to noise, we
are unable to resolve any prevalent stepwise increase in the
Hþ signal. In an attempt to explore this further, we under-
took calculations to investigate how the S1 state energy
landscape changes as a function of the torsional coordinate
of the free O–H. Figure 4(c) highlights the S1 and S2 PECs
along RO-H when the molecular geometry is both planar
(S1 vFC, ϕ ∼ 0°; solid lines) and where the free O–H lies out
of the molecular plane (S1min, ϕ ∼ 14°; dashed lines).
Cursory inspection reveals that, while there is some change
to the overall area of the barrier to tunneling, the absolute
effect of this change is likely too small for the present
measurements to detect. This is highlighted by the graph
inset, which shows the relative tunneling probability (TR),
calculated by using a 1D WKB approximation [40], as a
function of ϕ. While TR is lowest at planar geometry, the
overall variation in TR is insufficient (certainly within our
signal to noise) to be mapped through onto the Hþ transient.
Interestingly, the finding that TR is lowest at planar geometry
accords with the measurements of Weiler et al. [38], who
find that the lifetime of the S1 state is strongly dependent on
the degree of planarity; the more planar (i.e., ϕ approaches
zero), the longer the lifetime measured. We must acknowl-
edge, however, the oversimplicity of these calculations,
given that we are effectively freezing all other nuclear
coordinates and varying only ϕ and RO-H of the free
O–H. That being said, the results provide impetus for future
calculations incorporating geometry relaxation along all
nuclear coordinates.
In conclusion, vibrational wave packets were prepared in
the S1 state of the catechol chromophore. The subsequent
temporal evolution of the superposition shows a strong
quantum beat pattern in the parent transient, possessing
frequencies in line with the progression in the heavily
mixed τ2 mode. The apparent dampening in the quantum
beat is attributed to the S1 decay, with no evidence of any
measurable IVR taking place from the excited state pop-
ulation localized in this mode. Calculations were performed
in an effort to characterize the excited state landscape as
a function of the torsional angle. We find that, while the
tunneling probability TR varies with changing ϕ, this
variance is insufficient to produce resolvable evidence for
a stepwise increase in the H (and thus Hþ) photofragment.
These results serve to highlight key nuclear motions that
are responsible for energy flow in a biological chromo-
phore. They also demonstrate the sensitivity of TR-IY
spectroscopy, showing that, given careful choice of exper-
imental parameters, in this case careful selection of probe
wavelengths combined with the intrinsic molecular proper-
ties, i.e., a change in nuclear geometry between electronic
states, it is possible to gain exquisite insight into the
concerted atomic motions of a molecule as the wave packet
evolves on the excited state surface, while undergoing
photodissociation.
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